Abstract X-ray crystallography visualizes the world at the atomic level. It has been used as the most powerful technique for observing the three-dimensional structures of biological macromolecules and has pioneered structural biology. To determine a crystal structure with high resolution, it was traditionally required to prepare large crystals (> 200 μm). Later, synchrotron radiation facilities, such as SPring-8, that produce powerful X-rays were built. They enabled users to obtain good quality X-ray diffraction images even with smaller crystals (ca. 200-50 μm). In recent years, one of the most important technological innovations in structural biology has been the development of X-ray free electron lasers (XFELs). The SPring-8 Angstrom Compact free electron LAser (SACLA) in Japan generates the XFEL beam by accelerating electrons to relativistic speeds and directing them through in-vacuum, shortperiod undulators. Since user operation started in 2012, we have been involved in the development of serial femtosecond crystallography (SFX) measurement systems using XFEL at the SACLA. The SACLA generates X-rays a billion times brighter than SPring-8. The extremely bright XFEL pulses enable data collection with microcrystals (ca. 50-1 μm). Although many molecular analysis techniques exist, SFX is the only technique that can visualize radiation-damage-free structures of biological macromolecules at room temperature in atomic resolution and fast time resolution. Here, we review the achievements of the SACLA-SFX Project in the past 5 years. In particular, we focus on: (1) the measurement system for SFX; (2) experimental phasing by SFX; (3) enzyme chemistry based on damage-free room-temperature structures; and (4) molecular movie taken by time-resolved SFX.
Measurement system for SFX X-ray free electron lasers (XFELs) possess the unique features of extreme peak brightness, ultrashort duration, and high spatial coherence of X-ray pulses. Following the construction of the world's first XFEL facility, the Linac Coherent Light Source (LCLS) in the USA in 2009, the SPring-8 Angstrom Compact free electron LAser (SACLA; Ishikawa et al. 2012) was built in Harima Science Garden City, Hyogo, Japan in 2011 (Fig. 1a) . In the SACLA, the pulse duration is in the range of 2-10 fs and the pulse repetition rate is 30 Hz or 60 Hz, depending on the operation mode. A novel crystallographic technique, serial femtosecond crystallography (SFX), utilizing the unique features of XFELs, has opened a new area of structural biology . SFX enables data collection from many randomly oriented microcrystals streamed with an injector device across the XFEL beam, which allows single-pulse diffraction from a microcrystal within femtosecond exposure time at ambient temperature (Fig. 1b) . Thereby, SFX allows a Bdiffraction-beforedestruction^approach, by circumventing radiation damage (including photoreduction) of the sample, because the diffraction process is terminated on a time-scale shorter than that of the damage process Neutze et al. 2000) . In addition, time-resolved SFX, which is an applied technique of SFX, is an innovative technology that enables us to observe how proteins move while functioning (Tenboer et al. 2014) .
SFX overcomes displacement and distortion of protein structure caused by crystal freezing and radiation damage during data collection, which are problems in conventional X-ray crystallography with in-house diffractometers, as well as synchrotron facilities. Using microcrystals for SFX has further advantages. Compared with large crystals, crystal disorder induced by osmotic shock during soaking manipulation is small in microcrystals. A higher surface-to-volume ratio of the crystal allows rapid diffusion of compounds. Thus, microcrystals are more suitable for ligand or heavy atom derivatization by soaking than large crystals. In addition, large crystals may grow into polycrystals and it takes time and effort to adjust the crystal orientation at the time of data collection in conventional crystallography, but microcrystals easily form monocrystals, and data can be conveniently collected in SFX without worrying about the orientation.
In the SACLA, the measurement system for SFX consists of components including the detector, sample chamber, injector, and data acquisition system; this system can be routinely applied to many kinds of experiments for different users (Mafuné et al. 2016; Nakane et al. 2016b; Tono et al. 2015) . In the SFX technique, protein structures are determined by merging the X-ray diffraction images from thousands ) to a half million (Batyuk et al. 2016) microcrystals measured in an hour to a day. It is noteworthy that the SACLA-SFX Project has significantly contributed to developments of methods for reducing the consumption of soluble protein samples. A liquid-jet injector we initially used at the SACLA needed hundreds of milligrams of sample to solve one protein structure (Tono et al. 2015) . Since not every protein can be crystallized in large quantities, it was, therefore, a problem that the injector with large sample consumption could not be applied to every sample in general purpose. At that time, by a group working at the LCLS, a lipidic cubic phase (LCP) injector was invented for membrane proteins crystallized in LCP (Weierstall et al. 2014) . We extended the scope of the LCP injector to samples of soluble proteins. When the viscosity of the sample is increased by adding a highly viscous medium, the flow rate of the stream extruded from the injector to the XFEL becomes extremely slow. Thus, the sample consumption required for structure determination can be considerably reduced. After screening dozens of media, we established the microcrystal-carrier matrix method and reduced sample consumption to as little as 1 mg . Intriguingly, the method can be applied not only to soluble proteins but also to membrane proteins crystallized in bicelles ) and detergent micelles (Suga et al. 2017) . Moreover, the method was effective for stabilization of the sample stream and accurate measurement during data collection for time-resolved SFX (Nango et al. 2016) .
Experimental phasing by SFX
In X-ray crystallography, structure factors are Fourier transformed to yield real-space electron density maps. Here, both the amplitude and the phase of structure factors are necessary. However, one cannot directly measure the phase of diffracted waves, only the amplitude. As reviewed by Scapin (2013) , most structures are, nowadays, solved by the molecular replacement method, which estimates phases from structures of homologous proteins. The determination of novel structures requires experimental (de novo) phasing, where phases are calculated from isomorphous differences between native and derivative crystals and/or anomalous differences between Bijvoet pairs. Readers are referred to Taylor (2010) for a general review of these methods. Such differences are typically very small, less than a few percent for anomalous differences in most cases. Thus, great care must be taken in both instrumentation and data processing to accurately capture them (Liu and Hendrickson 2015) . Experimental phasing is more challenging with SFX. In contrast to conventional crystallography, Fig. 1 The X-ray free electron laser (XFEL), a new technological innovation in structural biology. a The XFEL facility, the SPring-8 Angstrom Compact free electron LAser (SACLA), is built next to SPring-8 in Harima Science Garden City, Hyogo, Japan. b The serial femtosecond crystallography (SFX) measurement scheme at the SACLA. A pump laser can be used for data collection in time-resolved SFX where one or a few crystals are used to complete a dataset, data from tens of thousands of crystals are merged in SFX. Variations in crystals lead to lower precision; they include inhomogeneity of structures, a variety of heavy atom occupancies, and differences in crystal size and morphology. Fluctuations of XFEL pulse intensities and wavelength spectra are also sources of errors. Moreover, all measurements using XFELs are partial reflections because crystals hardly rotate during an exposure. Thus, they represent only varying fractions (called the partiality) of full reflections. In Monte Carlo integration, these random variables are integrated out by merging a huge number of observations .
In 2014, gadolinium single-wavelength anomalous diffraction (SAD) phasing of lysozyme at the LCLS (Barends et al. 2014 ) was reported as the first successful experimental phasing with SFX. This system exhibited a large anomalous difference between Friedel pairs, or a Bijvoet ratio, of more than 10%. Thus, it was still unknown if one could phase more realistic targets with smaller anomalous difference signals. In 2015, we reported a native sulfur/chloride SAD phasing of lysozyme at the SACLA (Nakane et al. 2015) . The native SAD phasing uses anomalous difference signals from sulfur atoms in cysteine and methionine residues. It, therefore, does not require heavy atom derivatization. However, anomalous differences from sulfur are much smaller than those from heavier atoms. Our system contained ten sulfur atoms and one chloride anion from the solvent. The calculated Bijvoet ratio was 1.6% at 7.0 keV (1.771 Å). Note that the precision of Monte Carlo integration improves in proportion to the square root of the multiplicity (MacKay 1998). That is, the detection of 1% differences requires 100 times more data than the detection of 10% differences. Moreover, success is not guaranteed in the presence of systematic biases. Our protocol for phasing uses CrystFEL ) for integration and merging and a popular phasing suite, SHELXD for substructure determination and SHELXE for phase calculation and density modification (Sheldrick 2010) . We test extensive combinations of SHELX parameters, i.e., high resolution cutoff, solvent content, and the number of sites for calculation. We found that iterations of density modification and automatic chain tracing in SHELXE can improve very noisy initial maps hardly interpretable by human eyes to high-quality maps that can be completed by Buccaneer (Cowtan 2006) . Eventually, we succeeded in phasing using 130,000 indexed images.
This protocol was also successfully applied to the phasing of copper-containing nitrite reductase crystals (Fukuda et al. 2016a) . They contained six copper atoms in the asymmetric unit and the calculated Bijvoet ratio was 1.7% at 10.8 keV (1.418 Å). Similar strategies were also adopted by others (Batyuk et al. 2016) . In 2016, two more sulfur SAD phasings were reported from the LCLS, using 125,000 indexed images for thaumatin (Nass et al. 2016 ) and 500,000 indexed images for a membrane protein, A2a receptor (Batyuk et al. 2016) . The calculated Bijvoet ratios were 2.1% and 1.9%, respectively. These studies jointly established experimental phasing with SFX, even from weak anomalous signals. Nonetheless, the required numbers of indexed images were so high that a huge amount of purified proteins (e.g.,~5 mg for sulfur SAD of lysozyme by Nakane et al. 2015) and long beam time were necessary. To enable phasing from fewer images, two approaches are possible: one is to increase the signal and the other is to improve the data processing algorithms.
To increase the signal, we developed a new derivatization method for membrane proteins ) based on the observation that detergent molecules and lipids are often found on the surface of membrane proteins. We synthesized an iodine-labeled detergent named HAD13a by an amidocoupling of caprylic acid and the so-called magic triangle, or I3C, which contains three iodine atoms bound to a benzene ring. We soaked this compound into bacteriorhodopsin (bR) crystals grown in bicelles, collected diffraction images at 7.0 keV, and succeeded in SAD phasing from 23,000 indexed images. Two molecules of HAD13a were found in the asymmetric unit. They resulted in a large Bijvoet ratio of 10.5%. If we were to apply sulfur SAD phasing instead of iodine SAD phasing without HAD13a, the Bijvoet ratio would be only 0.9%. By combining a native dataset without HAD13a, we could perform a single isomorphous replacement with anomalous scattering (SIRAS) phasing from 3000 native and 4000 derivative indexed images. This reduction in the number of required images from 23,000 to 7000 in total was probably caused by isomorphous difference signals and anomalous difference signals providing complementary phase information. Thus, it is recommended that one collects a native dataset as well as derivative dataset(s) for efficient use of precious beamtime. We also confirmed that HAD13a can bind to crystals grown in the LCP and provides anomalous difference signals.
Researchers at the SACLA have also succeeded in SIRAS phasing using mercury (Yamashita et al. 2015) and SAD phasing using mercury or selenomethionine (Yamashita et al. 2017) . Here, it was also demonstrated that indexing ambiguity in SFX does not prevent experimental phasing if treated properly. Although derivatization is necessary and sometimes nontrivial, heavier atoms provide stronger anomalous signals than sulfur atoms. In the most favorable case, one could phase from only 3000 indexed images by praseodymium SAD phasing . Selenium SAD phasing was also successful at the LCLS (Hunter et al. 2016) .
Improvements in SFX data processing algorithms are underway. Indeed, the gadolinium SAD phasing of lysozyme initially required 60,000 indexed images (Barends et al. 2014 ) but only 7000 indexed images with newer programs and optimized processing protocols (Nass et al. 2016) . Refinement of detector geometry and crystal orientations is now available in most programs (Ginn et al. 2015b; Kabsch 2014; White et al. 2016) . Scaling by a multiplicative scale factor and a B factor can compensate for variations in crystals and XFEL pulses to some extent. It is sometimes useful to apply per-image resolution cutoff. Programs such as PRIME (Uervirojnangkoorn et al. 2015) , cppxfel (Ginn et al. 2015a) , and cxi.merge (Sauter 2015) can apply post-refinement to improve diffraction parameters and correct for the partiality. PRIME was used in the multiple isomorphous replacement with anomalous scattering (MIRAS) phasing of BinAB (Colletier et al. 2016 ). Efforts to improve data processing programs benefit not only experimental phasing but also other applications, especially time-resolved studies, where small differences between excited and ground state structures are analyzed. To support these efforts, we have uploaded raw diffraction images to the CXIDB (Maia 2012) , so that others can reprocess our data for research and educational purposes. Since datasets differ in hit-finding thresholds, signal-to-noise levels, space group symmetry, asymmetric unit contents, and heterogeneities, comparison of the number of necessary images among different datasets is not very instructive. Instead, it is hoped that new algorithms will be tested on common, public datasets.
Enzyme chemistry based on damage-free room-temperature structures
As a model protein to study damage-free structures of metalloenzymes, we used copper-containing nitrite reductase (CuNiR), which is one of the key enzymes in microorganism denitrification and catalyzes one electron reduction of nitrite to nitric oxide (NO 2 − + 2H + + e − → NO + H 2 O). Typical
CuNiRs are homotrimeric proteins containing two distinct Cu sites in each monomer. Type 1 Cu (T1Cu) with a CysMet-His 2 ligand set is an electron acceptor, whereas type 2 Cu (T2Cu) with a His 3 ligand set is a catalytic center located between two monomers. The two Cu sites are linked by an electron pathway (Cys-His bridge) and a sensor loop, which is thought to control electron distribution between T1Cu and T2Cu. Two conserved residues, Asp98 and His255 (Alcaligenes faecalis numbering), are located above the T2Cu site and bridged by one water molecule designated as bridging water (Fig. 2a) . They are essential for the activity of CuNiRs because they assist proton transfer (PT) to NO 2 − (Boulanger et al. 2000; Boulanger and Murphy 2001; Kataoka et al. 2000) . Although electron transfer (ET) from T1Cu to T2Cu can occur in the resting state (RS) (Wijma et al. 2006) , it is dramatically accelerated in the presence of NO 2 − (Kobayashi et al. 1999; Leferink et al. 2011) . One explanation for this gating-like phenomenon is that the binding of NO 2 − raises the redox potential of T2Cu; however, the pH dependence of intramolecular ET in the presence of NO 2 − cannot be explained by such a mechanism (Kobayashi et al. 1999) . Instead, it was proposed by Kobayashi et al. that Cureduction-induced structural change of His255 is responsible for the gating-like mechanism, though no structural evidence had been obtained. Because it has been proven that intramolecular ET in CuNiR is accompanied by PT (Brenner et al. 2009; Leferink et al. 2011) , one can speculate that intramolecular ET contributes to PT to NO 2 − and that the structural change of His255 is involved in the proton-coupled ET (PCET) reaction. Although crystal structures of CuNiRs have been determined by synchrotron radiation crystallography (SRX) for more than 20 years, SRX data might be affected by some problems related to the high radiation dose delivered to the crystals: (i) synchrotron X-rays cause photoreduction of metalloproteins as well as radiation damage to amino acid residues (Berglund et al. 2002; Schlichting et al. 2000) and the Cu centers in CuNiR are rapidly reduced by synchrotron X-rays Hough et al. 2008 ); (ii) after the photoreduction of T2Cu, NO 2 − is then reduced to produce NO and water, which complicate the interpretation of the electron density; and (iii) cryogenic manipulations for reducing radiation damages in SRX can change the structural population of amino acid residues (Fraser et al. 2009 (Fraser et al. , 2011 and enzyme-substrate complexes (Fukuda and Inoue 2015; Keedy et al. 2014) . Therefore, we applied SFX with XFELs, which enables damage-free structural determination of metalloproteins (Johansson et al. 2013; Kern et al. 2012 ) and evaluation of the native conformational population at room temperature (Liu et al. 2013 ). We determined the SFX and SRX structures of Alcaligenes faecalis CuNiR (AfNiR) in the RS and the nitrite complex (NC) form and analyzed them (Fukuda et al. 2016a) . Compared with the imidazole ring of enzymatically important His255 in the SFX RS structure, that in the SRX RS structure rotated about 20°and, hence, the H-bond partners of His255 were switched from the carbonyl O atom of Glu279 to the hydroxyl O atom of Thr280 (Fig. 2b) . Interestingly, this pair of Glu (or Gln) and Thr (or Ser) is conserved in CuNiRs. Combining SFX and SRX, we also showed that the imidazole ring of His244 in Geobacillus thermodenitrificans CuNiR, which corresponds to His255 in AfNiR, slightly rotated as a result of photoreduction (Fukuda et al. 2016b) . Therefore, the structural change of this enzymatically important His is thought to be caused by the reduction of Cu, as was predicted previously (Kobayashi et al. 1999) . Activity assay with a T280V mutant of AfNiR further supported that the rotated state of His255 is a transient conformation important for the CuNiR activity because the activity of the T280V mutant was significantly lower than that of the wild-type enzyme. Since Val280 in the T280V mutant lacks the hydroxyl O atom that can form an H-bond with His255, the rotation of His255 is inhibited in this mutant. On the basis of these findings, we proposed that the switching of the H-bond partners of His255 may facilitate the PT reaction from His255 to bridging water. Because the hydroxyl O atom of Thr280 is less negatively charged than the carbonyl O atom of Gln279, the N δ1 atom of His255 makes a longer and weaker H-bond with Thr280. As a result, the H atom is more attracted to the N δ1 atom of His255 and a proton on the N ε2 atom is transferred to bridging water. It is noteworthy that recent computational chemistry supports indirect PT from His255 to NO 2 − via bridging water, which is coupled with T2Cu reduction (Li et al. 2015) . While T2Cu in the SRX NC structure was coordinated by NO 2 − that showed the near face-on mode as was observed in known CuNiR structures (Antonyuk et al. 2005; Tocheva et al. 2004) , NO 2 − featuring a more vertical binding mode was observed at T2Cu in the SFX NC structure (Fig. 2c) . A recent Bmultiple structures serially from one crystal^experiment also revealed that the low-dose SRX NC structure of Achromobacter cycloclastes CuNiR showed a conformation of NO 2 − similar to our vertical binding mode (Horrell et al. 2016 ). Therefore, the near face-on mode which has been observed in reported SRX structures of CuNiRs is thought to correspond to the binding mode when T2Cu is photoreduced. The structural change of NO 2 − upon Cu reduction may partly explain why PCET in CuNiR is affected by the presence of NO 2
−
. Because the N atom of NO 2 − becomes closer to His255 through its conformational change from vertical to near faceon, the rotated conformation of the imidazole ring of His255 might be preferred due to steric hindrance and, hence, hinder reverse PT from bridging water to His255. To summarize, comparison between SFX and SRX structures could provide a more detailed description of the reaction mechanism in CuNiR; therefore, we think that this approach can also be applied to other metalloenzymes.
Molecular movie taken by time-resolved SFX
A protein's structure is closely related to its function. X-ray crystallography has contributed to ternary structure determination for precise understanding of how proteins work. However, most protein structures obtained by conventional crystallography are in a static state before or after the molecule functions. While time-resolved crystallographic methods, including Laue diffraction and trapping of reaction intermediates (Moffat 2001) , have been used to observe the conformational changes in proteins that are at work, there are several difficulties, such as radiation damage from synchrotron sources, the time resolution, and other technical issues. SFX, using intense, femtosecond X-ray pulses from XFELs, allows the determination of protein structures at room temperature using diffraction patterns from microcrystals before the onset of radiation damage. The technique is of great utility for timeresolved experiments in measuring ultrafast reactions in proteins when combined with the pump-probe approach, in which a brief laser pulse initiates a light-dependent reaction in the molecule. Light-triggered reaction in microcrystals has the advantages of synchronization of the reaction and efficient optical excitation. As the first results using pump-probe time-resolved SFX, two studies of photosystem II (Kern et al. 2014; Kupitz et al. 2014) were reported, but their interpretation remains provisional, in part because of the low resolution (4.5 to 5 Å). Tenboer et al. (2014) showed structural changes of photoactive yellow protein (PYP) at delay times of 10 ns and 1 μs with high resolution (1.6 Å). Pande et al. (2016) revealed a snapshot series of PYP intermediates over a time range from 100 fs to 3 ps. Barends et al. (2015) reported ultrafast structural changes in a myoglobin-CO complex upon photolysis in a time range from~100 fs to 150 ps. In these experiments, ultrafast reactions were observed using a liquidjet injector. Since microcrystals travel very fast in the jet (typical flow speed ca. 10 m/s), the range of available delay times is currently limited. On ultrafast time scales, protein motions are local and often involve only chromophore or amino acid side chains. In contrast, motions on slower time scales (nanoseconds to milliseconds) might involve larger conformational changes in proteins at work.
Recently, a pump-probe time-resolved SFX setup using a nanosecond laser has been developed at the SACLA to observe such protein movements on a slower time scale . Pump conditions, including wavelength and focal size, are readily adjustable using an optical-fiberbased setup, so users can collect as much data as possible in their limited XFEL beam time. In the setup, an excitation (pump) laser illuminates microcrystals from two directions to excite molecules in crystal lattices with high efficiency. Using the setup, as the first result, we successfully observed structural changes in bR, a light-driven proton pump derived from Halobacterium salinarum (Nango et al. 2016) . The protein consists of seven transmembrane helices and contains a retinal chromophore that is covalently bound to Lys216. The all-trans retinal undergoes isomerization to the 13-cis configuration on absorption of light, causing structural change in the protein via several intermediates. The structural change results in PT from the cytoplasmic side to the extracellular side, and the protein recovers the initial state, completing the photocycle. Considerable effort has been made to understand how structural changes in bR transport a proton uphill against a transmembrane potential (Haupts et al. 1999; Neutze et al. 2002; Wickstrand et al. 2015) . Cryotrapping studies of bR from many laboratories provided structural information about structural changes during the photocycle. Despite the success, these results have been criticized because of radiation damage (Borshchevskiy et al. 2011 (Borshchevskiy et al. , 2014 Matsui et al. 2002) and disagreement among the structures from various groups (Wickstrand et al. 2015) . We circumvented these concerns by recording a three-dimensional movie of structural changes in bR at room temperature at 2.1 Å resolution using time- resolved SFX at the SACLA. We observed conformational changes in bR at 13 time points from nanoseconds to milliseconds following photoactivation (Fig. 3) . Our data revealed that an initially twisted retinal displaces Trp182 and Leu93 towards the cytoplasm and allows a water molecule (W452) to order between Leu93, Thr89, and the Schiff base (SB) on the retinal in the L-state. Hydrogenbonding interactions from the protonated SB, which is a proton donor to Wat452 or Thr89, create a pathway for PT to a proton acceptor, Asp85. This observation explains how the SB makes contact with Asp85 despite being turned towards the cytoplasmic side by photoisomerization. We also found that, once a proton is transferred, the hydrogen-bonding interaction between Asp85 and Thr89 is lost, which breaks the connectivity to the extracellular side of the protein. Our results clarified how structural changes in bR achieve unidirectional proton transport. New insight into water oxidation in photosystem II has been proposed recently based on the results of time-resolved SFX at the SACLA (Suga et al. 2017) . Now, many users perform time-resolved SFX experiments using the setup at the SACLA and capture the movement of various reacting proteins. In the LCLS, a different type of reaction trigger, mixing with a ligand or a substrate, has been used for visualizing structural changes in riboswitch RNA (Stagno et al. 2017 ) and in β-lactamase (Kupitz et al. 2017) . Timeresolved SFX techniques will open a new era of study of protein structural dynamics and provide unprecedented data for understanding protein functions.
Outlook for dynamic structural biology
This review highlights some recent achievements of the SACLA-SFX Project. The SFX measurement methods developed in the project will be applicable to a wide range of target biological macromolecules in structural biology using XFEL facilities around the world. Following the LCLS and the SACLA, newly constructed XFEL facilities-European XFEL in Germany, Pohang Accelerator Laboratory (PAL)-XFEL in South Korea, and SwissFEL in Switzerland-start user operations in 2017 or 2018. Data processing programs for SFX are making remarkable progress each year. Development of more sophisticated programs will accelerate the structure determination and increase the resolution of determined structures. Especially, molecular movies of many kinds of enzymes will be taken by time-resolved SFX by visualizing whole pictures of three-dimensional structural change that occur from moment to moment during catalytic reactions, to elucidate the dynamic structure-function relationships of enzymes.
Together with the rise of SFX, the evolution of cryoelectron microscopy (Cryo-EM) technology in recent years has revolutionized structural biology. In the past, the resolution of single-particle analysis was about 10 Å, but today, it has reached 1.8 Å with the advent of direct electron detectors and advanced software (Merk et al. 2016) . It is becoming possible to observe unstable protein complexes and study the conformational landscape of proteins (Dashti et al. 2014 (Dashti et al. , 2017 . XFEL and Cryo-EM techniques can provide complementary information on protein structures and dynamics. The breakthroughs in XFEL crystallography and Cryo-EM will bring about dramatic progress in our understanding of life phenomena at the molecular level, and lead to innovation in medicine, for example, by aiding drug design that targets dynamic protein-protein interactions.
